Variation in gene expression among genetically identical individual cells (called gene 17 expression noise) directly contributes to phenotypic diversity. Whether such variation can 18 impact genome stability and lead to variation in genotype remains poorly explored. We 19 addressed this question by investigating whether noise in the expression of genes affecting 20 homologous recombination (HR) activity either directly (RAD52) or indirectly (RAD27) 21 confers cell-to-cell heterogeneity in HR rate in Saccharomyces cerevisiae. Using cell sorting 22 to isolate subpopulations with various expression levels, we show that spontaneous HR rate is 23 highly heterogeneous from cell-to-cell in clonal populations depending on the cellular amount 24 of proteins affecting HR activity. Phleomycin-induced HR is even more heterogeneous, 25 showing that RAD27 expression noise strongly affects the rate of recombination from cell-to-26 cell. Strong variations in HR rate between subpopulations are not correlated to strong changes 27 in cell cycle stage. Moreover, this heterogeneity occurs even when simultaneously sorting 28 cells at equal expression level of another gene involved in DNA damage response (BMH1) 29 that is upregulated by DNA damage, showing that the initiating DNA damage is not 30 responsible for the observed heterogeneity in HR rate. Thus gene expression noise seems 31 mainly responsible for this phenomenon. Finally, HR rate non-linearly scales with Rad27 32 levels showing that total amount of HR cannot be explained solely by the time-or population-33 averaged Rad27 expression. Altogether, our data reveal interplay between heterogeneity at the 34 gene expression and genetic levels in the production of phenotypic diversity with evolutionary 35 consequences from microbial to cancer cell populations. 36 37 3 69 protein in response to DNA alkylation damage (Uphoff et al., 2016). These authors showed 70 that variable induction times of the damage response were observed depending on the initial 71 expression level of Ada, with cells that do not respond for generations because no Ada 72 proteins are initially expressed. This creates a subpopulation of cells with an accumulation of 73 foci of the DNA mismatch recognition protein MutS used as a marker for labeling nascent 74 mutations (Uphoff et al., 2016), showing heterogeneity in the mutation rate at the single-cell 75 level. The conclusion of the study highlighted that non-genetic variation in protein 76 abundances thus leads to genetic heterogeneity. Nevertheless, this measurement remains an 77 indirect evaluation of the genetic heterogeneity through the detection of a mismatches 78 biosensor. Moreover neither the genetic consequences of noise in expression of DNA repair 79 genes on a genomic substrate, nor its subsequent phenotypic consequences, were analyzed.
Introduction 38
Expression variations of genes linked to DNA repair and recombination often affect 39 genome stability (Stirling et al., 2011; Ang et al., 2016; Duffy et al., 2016) . Whether variable 40 expression levels from cell-to-cell due to gene expression noise could affect homologous 41 recombination (HR) rate and thus genome stability in different subpopulations of clonal 6 2. Material and Methods 145 2.1. Yeast strains and growth conditions 146 All the strains and primers used in this work are listed in Supplementary Tables 2 and 3,   147 respectively. The strain KV133 (Verstrepen et al., 2005) (BY4742 MATα; his3∆1; leu2∆0; 148 lys2∆0; ura3∆0 FLO1::URA3) (URA3 inserted in the middle of the tandem repeats) was 149 kindly provided by Kevin J Verstrepen (KU Leuven). To create strain JA0200 from KV133, a 150 PCR fragment containing LEU2 and its native promoter and terminator was amplified from 151 the genomic DNA of the S288c strain with primers F1 and R1, and transformed into KV133.
152
The construction was verified by PCR with primers C1 and C2. To create the strains the transformations were carried out by the standard lithium acetate method. 170 All the strains were grown in liquid YNB medium (20 g/L glucose (Sigma), 1.71 g.L -1 171 yeast nitrogen base without amino acids and nitrogen (Euromedex) and 5 g.L -1 ammonium 172 sulfate (Sigma)) at 30°C with rigorous shaking (200 rpm). Auxotrophic strains were 173 supplemented with the required molecules at the following concentrations: 0.02 g.L -1 histidine 174 (Sigma), 0.05 g.L -1 lysine (Sigma) and 0.1 g.L -1 leucine (Sigma). For phleomycin treatment, 175 cells in stationary phase were diluted 100 times in YNB medium containing 5 µg.mL -1 176 phleomycin (Sigma) and grown at 30°C with rigorous shaking (200rpm) for 16 hours.
177
The YPD plates contained 20 g.L -1 glucose, 20 g.L -1 agar (Euromedex), 10 g.L -1 178 peptone (Euromedex) and 10 g.L -1 yeast extraction (Euromedex To measure the HR frequency of the whole population, 500 µL culture (OD ≈ 2) was 213 spread on 5-FOA petri plates (100×15 mm, Fisherbrand). The culture was diluted 10 000 214 times and 20 µL diluted culture was spread on YPD petri plates. The plates were kept in 30°C 215 incubator for 3 days and the number of clones was counted. The size of the new FLO1 alleles 216 from the clones isolated on the 5-FOA plates was analyzed by PCR using primers F5 and R5.
217
The presence of URA3 was verified using primers C10 and C11. The size of FLO5 and FLO9 218 were further analyzed by primers C13 and R5 or C12 and R5 respectively. Then the frequency 219 of loss of URA3 function was calculated as follow:
where denotes the frequency of loss of URA3 function, denotes the number of 222 clones on the 5-FOA plates, and denotes the number of clones on the YPD plates.
223
To measure the frequency of loss of URA3 function of the subpopulations, 5.10 6 to 10 7 224 cells (depending on the replicate) of each subpopulation were sorted (around 10 mL) and integrated in the tandem repeats of the FLO1 gene in S. cerevisiae ( Figure 1A ). As 253 recombinants do not grow on the initial medium where URA3 is needed for growth because 254 uracil is lacking (no clonal expansion possible), the frequency of yeast cells then growing on 255 5-FOA-containing medium provides a quantitative estimate of the actual recombination rates 256 (number of events per cell division) as previously suggested (Verstrepen et al., 2005) .
257
However the loss of URA3 function could also arise by direct mutations in the URA3 coding 258 region.
260
This system confirmed that the absence of RAD27 and RAD52 respectively strongly 261 increases and decreases the HR frequency (Verstrepen et al., 2005) . The increased 262 recombination frequency in rad27∆ mutants suggests that FLO1 repeat instability is protein is close to the native protein because it confers an HR rate that is in the same order of 283 magnitude as the wild-type when compared to the strongly increased HR frequency in rad27∆ 284 mutants ( Supplementary Figure 1) .
285
Among the heterogeneous expression levels of these genes at the single-cell level, we Rad27-high subpopulation (Figure 2A and Supplementary Table 1 ) and 4-times higher for the 291 Rad52-high subpopulation ( Figure 2B and Supplementary Table 1) resistance by mutation ( Figure 2D and Supplementary Figure 3) . Thus, the precise difference 307 in HR rate between these extreme subpopulations cannot be quantified because of the absence 308 of detectable recombinant cells in the subpopulations with the lowest expression levels.
309
The finding that Rad52-high cells harbor higher HR rate is in accordance with its direct 310 involvement in HR pathways. In contrast, it is at first glance counterintuitive to find Rad27-311 high cells with the highest HR rate considering that the deletion of this gene leads to increased 312 recombination, even if, as mentioned above, Rad27-YFP-tdTomato did not fully recapitulate 313 the functionality of the native Rad27 protein.
314
To confirm the heterogeneity in spontaneous HR rate produced by the RAD27 315 heterogeneous expression levels, we induced the production of DSB by pretreating cells with Frequency of loss of URA3 function is far more induced in the high-subpopulation than in the 322 low-subpopulation following this pretreatment ( Figure 2C and Supplementary Table 1 ). This 323 stronger effect of the drug on the high level population is coherent with the fact that an 324 increased level of Rad27 increases HR.
325
As it would appear difficult to reliably conclude the general effect of single-cell protein 326 levels on recombination, we also assayed repeat expansion / contraction at other loci (FLO5 Rad27-low subpopulations, we ask whether the HR rate scales linearly or non-linearly with 336 Rad27 levels. To do so, we performed the same experiment as described in Figure 1B but we 337 sorted cells into five subpopulations homogenously distributed in the population from the 338 lowest (subpopulation 1) to the highest (subpopulation 5) expression levels ( Figure 3A) . Each 339 11 subpopulation represents 10% of the whole population. The sorting process is less efficient 340 when cells are sorted into 5 subpopulations instead of two. Far more time is needed to get the 341 same number of cells in a given subpopulation when sorting into 5 subpopulations. Thus we 342 were only able to sort out only around 2.10 6 for each subpopulation which lasted at least 3 343 hours. Extending further the duration of the experiment would lead to bias linked to prolonged 344 time in tubes before and after passage into the sorter, to the diluted medium in the harvest 345 tubes… Moreover inducing DSB was not chosen for this experiment because phleomycin 346 treatment slightly increases the RAD27 expression level so that it does not allow studying 347 basal expression level and spontaneous events that can be considered as more relevant to 348 evolution.
349
By doing so, we did not detect any 5-FOA resistant cells in subpopulations 1 and 2 in 350 any replicate ( Supplementary Table 1 ). Only one clone was detected in subpopulation 3 in one 351 experiment while many more and similar numbers of clones were observed in subpopulations 352 4 and 5 ( Supplementary Table 1 ). We confirmed again that these resistant clones are 353 generated by recombination when Rad27 levels are high. As results were similar for 354 subpopulation 5 in both sets of experiments, we chose to combine the results on these five 355 subpopulations with the results from Figure 2A to plot the relationship between the frequency 356 of loss of URA3 function and Rad27 levels ( Figure 3B ). We indicated in this plot that 357 resistance is mostly due to mutation-based inactivation of the URA3 gene in the first 358 subpopulations and to recombination-based loss of the URA3 marker in subpopulations 4 and 359 5. Thus, even we were not able to measure HR rate in the formers, it appears that HR rate 360 non-linearly scales with Rad27 levels because it reaches a plateau in the latters after an abrupt 361 variation that occurs at least between subpopulations 3 and 4 slightly above the mean 362 expression level of the population.
363
Finally, we took advantage of having six independent replicates for high-and low-
364
Rad27 subpopulations to perform a non-parametric statistical test. These data show a 365 significant difference (p=0.03) ( Figure 3B ), suggesting that for other data where the same 366 tendency is observed with only three replicates (high-vs low-Rad52, high-vs low-Rad27 with 367 phleomycin), similar conclusions could be drawn (these data constitute too small data samples 368 to robustly apply proper statistical analysis). Figure 4A and 4B ). Bmh1 is one of the two yeast 14-3-3 proteins and many studies also 398 showed the important role of 14-3-3 proteins in DNA duplication and DNA damage response strong promoter that allows GFP expression largely above the auto-fluorescence threshold.
406
Frequency of loss of URA3 function was again higher in Rad27-high than in Rad27-low 407 cells when also sorting cells with the same GFP level ( Figure 4C and Supplementary Table 1) , 408 with a 10-fold factor similar to the previous experiments (Figure 2A) . No difference in that the difference is due to differences in HR rate. On the contrary, both GFP-low and GFP-412 high subpopulations exhibited close frequency of loss of URA3 function when also sorted at 413 equal level of Rad27. However, we noticed that 5-FOA resistant clones were slightly more 414 frequent in GFP-low cells ( Figure 4C ). This higher HR rate might be explained by the fact 415 that cells expressing BMH1 at lower levels might accumulate more DSB, which in turns could 416 slightly enhance HR and/or mutation rate (Engels et al., 2011) . Finally when analyzing cell 417 cycle distribution, DNA content plot is shifted to the right for both high GFP and high 418 tdTomato expressing cells ( Figure 4D ). If cell cycle distribution had a strong influence on 419 recombination rate, both subpopulations would harbour increased frequency. Nevertheless a 420 strong increase in the frequency of loss of URA3 function is only observed in tdTomato-high 421 cells and not in GFP-high cells (it is even lower in the latter case). This argues again against 422 its contribution in the generation of HR rate heterogeneity. The correlation was unexpected concerning RAD27 because rad27∆ mutants showed 443 increased HR in various studies (Johnson et al., 1995; Sommers et al., 1995) . In fact, HR was 444 found to be essential in rad27∆ mutants (Symington, 1998) . However it was observed that 445 overexpression of Rad27 makes yeast cells sensitive to hydroxyurea (HU), methyl 446 methanesulfonate (MMS) and bleomycine (Duffy et al., 2016; Becker et al., 2018) . revealed that many genes impact genome stability either when deleted (Yuen et al., 2007) or 464 when differentially expressed (Stirling et al., 2011; Zhu et al., 2015; Duffy et al., 2016) .
465
Genetic events analyzed in these studies range from loss of a full mini-chromosome that repair and recombination.
494
HR can produce gene copy number variations (CNV) if the distance between the 495 repeated sequences is relatively short (Hastings et al., 2009) . Indeed, the fact that resection 496 reaches both repeats so that the break is repaired by SSA is less likely when the distance 497 separating the repeats increases (Hastings et al., 2009 (Capp, 2012; Brock et al., 2015) . The same idea could 531 be applied to microbial populations in the aim to stabilize production phenotypes for instance 532 by avoiding the appearance of extreme subpopulations with high genome instability that 533 would more probably lose interesting production features. Finally, this interplay between the 534 genetic, epigenetic, and gene expression variabilities is a highly exciting field of investigation, 
